Shea (Vitellaria paradoxa C.F. Gaertn.) is a multipurpose tree species indigenous to the Sudano Sahelian zone of Africa and occurs as the most abundant economic tree species in northern Ghana. The edible oil (shea butter) extracted from shea kernel is ranked as the most economic product of the species. Although fruit set and yield of shea are known to be influenced by insect pollination, the actual contribution of insect pollinators to its reproductive success has rarely been studied. This study estimated the percentage insect pollinator dependence and monetary value of insect pollination per bag of shea kernel (85 kg) in the Guinea savanna zone. Open pollination and insect exclusion treatments were applied to the flowers of 18 randomly selected matured shea trees and observed from the onset of flowering to fruit maturity. Proportion of total production value attributed to insect pollination approach was used in estimating the monetary value of pollination per bag of shea kernel with the average market price as proxy. The study revealed an insect pollinator dependence of 77% and 73% for fruit set and dry kernel yield, respectively. Mean number of fruit set per inflorescence varied significantly between insectexcluded and open-pollinated inflorescences (p < 0.05). The monetary value of insect pollination was estimated at GH₵ 73.21 (US$ 18.67) per bag of kernel as of August 2016. Shea is a high insect pollinator-dependent species and the conservation of insect pollinators would be critical to the sustainability of yield.
Introduction
Insect pollinator dependence (IPD) is a theoretical metric that depicts the percentage or proportion of total crop output loss in the absence of pollination services (Breeze et al. 2016) . The ratios are relevant in estimating the degree to which various plant species rely on insect pollinators for fruit/seed yield (Klein et al. 2007 ). Insect pollinator dependence of a crop species can differ from one region to another due to variation in soil nutrients, macroclimate as well as pest and disease status (Klein et al. 2007) . It can also differ between varieties of plant species (Breeze et al. 2016 ). This was evident in studies that assessed the pollinator dependence of oilseed rape, where Stanley et al. (2013) recorded a pollinator dependence of 30%, but Bartomeus et al. (2014) recorded 20% for two varieties of the same crop.
The positive effect of pollination on quantity and quality of plant yield also translates into higher economic/ monetary returns (Zebrowska 1998) . Insects are known to contribute to an estimated 10% of the economic value of the world's food produce (Chaplin-Kramer et al. 2014) through the enhancement of commercial value. Like pollinator dependence, economic value of pollination could vary from one region to another due to differences in food prices, production, and labor cost (Breeze et al. 2016 ). However, most variations in economic value estimates of pollination are attributed to differences in methodological approaches (Burgett et al. 2004 ).
Some of the common approaches used in economic/ monetary value estimates of pollination include total production value, proportion of total production value attributable to insect pollinators (Morse & Calderone 2000; Losey & Vaughan 2006) , cost of replacement (Allsopp et al. 2008) , and direct-managed pollination value approach (Burgett et al. 2004) . Variations in economic value estimates of insect pollination do not only reflect differences in methods but also reflects a paucity of accurate information on pollination. This highlights the need for extensive research to provide better estimates of the value of pollination (Klein et al. 2007) .
Monetary estimates of pollination as an ecosystem service could help in justifying resource allocation for conservation purposes since major human decisions are largely driven by financial implications (Curtis 2004) . These estimates could inform trade-offs between the conservational value of insect habitats and the other alternative land uses. Pollinator conservation is critical to the sustainability of food production and biodiversity owing to the high dependence of tropical plants on animal-mediated pollination services. According to Ollerton et al. (2011) , about 94% of tropical plants depend on animal pollination for fruit/seed set.
Shea (Vitellaria paradoxa) is an insect pollinatordependent tropical plant (Hall et al. 1996; Okullo 2004) which occurs naturally in Sub-Saharan Africa (SSA) especially arid and semi-arid zones (Naughton et al. 2015) . It is often retained on farmlands for economic, medicinal, cultural, nutritional, and ecological purposes (Yaro 2008; Bayala et al. 2013 ). According to Glew and Lovett (2014) , it contributes to the livelihoods of an estimated 16.2 million shea nut collectors in SSA. In some seasons, income from shea nut could constitute about 12% of rural household income (Pouliot & Treue 2012) . According to Elias et al. (2006) , shea nut processing and commercialization are two of the few plant industries primarily controlled by women in SSA which contribute to the economic empowerment of women. Aside local uses, there is an increasing demand for shea butter in confectionary, cosmetic, and pharmaceutical industries at the international level (Alander 2004; Teklehaimanot 2004; Rousseau et al. 2015) .
However, the sustainability of the economic and ecological benefits of V. paradoxa could be affected by the availability of pollination services. It is an insect-pollinated plant (Hall et al. 1996) in which floral structures and sequence of events in anthesis are known to favor pollen out-crossing (Okullo 2004) . Stingless and honeybees have been identified as the primary pollinators of V. paradoxa in most countries including Ghana, Burkina Faso, and Uganda (Okullo 2004; Kwapong 2014; Lassen et al. 2018) . The studies of Okullo (2004) and Lassen et al. (2018) reported reduced fruit set in shea when insect pollination and bagged inflorescences were compared. However, information on insect-pollinated plants will remain incomplete until we estimate the quantity of shea yield dependent on insect pollination as well as the monetary value of insect pollination services. This study aimed to estimate the percentage of shea yield dependence on insect pollination and monetary value of insect pollination services.
Materials and methods

Study area
The study was conducted in cultivated fields of the Zini community in the Sissala West District of the Upper West Region, Ghana. The District lies approximately between longitude 2°13´W to 2°36´W and latitude 10°00´N to 11°00´N (Sissala West District Assembly, 2010) with experimental site 1 located at 10°50′ 00.0″ N and 2°22′ 57.2″ W, whilst site 2 was located at 10°5 2′ 14.1″ N and 2°24′ 48.8″ W (Fig. 1) .
The area records a unimodal rainfall pattern with an average annual rainfall of 1127 mm (SARI 2016). Mean monthly minimum and maximum temperatures are 22°C and 35°C, respectively, whilst the mean annual temperature is 28°C (GSS, 2014) . Relative humidity fluctuates between 70% and 90% in the rainy season but can drop to as low as 20% in the dry season (SWDA 2010).
The vegetation is generally grassland interspersed with drought-resistant perennial woody species. The common woody species include shea (Vitellaria paradoxa), dawadawa (Parkia biglobosa), baobab (Adansonia digitata), neem (Azardirachta indica), and accasia (Faidherbia albida). Some common herbaceous plant species in Guinea savanna include tridax (Tridax procumbens), thatch grass (Andropogon pseudapricus), Elephant grass (Pennisetum purpureum), and pig weed (Boerhavia diffusa) (Ziblim et al. 2015) .
Selection of experimental sites and trees
A reconnaissance survey was conducted on farmlands of Zini to identify suitable sites for the experiment considering accessibility to site, shea tree density, duration of continuous cultivation, and the cooperation of the land owner. Five medium-cultivated parklands (lands that were cultivated continuously for 6-10 years) were identified by asking farmers on the duration of continuous cultivation to ensure uniformity of landuse on the experimental sites. A simple random sampling procedure was then used in randomly selecting two sites out of five potential sites for the experiment. Again, to avoid potential bias due to specific farmers' land management practices on pollinators and also to increase independence of sampling sites, the study considered a minimum distance of 1 km between experimental sites as prescribed by Stanley et al. (2013) .
In selecting experimental trees, three 50 × 50 m plots were systematically laid in each site by laying the first plot at a random location, whilst subsequent plots were laid at a regular distance of 100 m apart.
Three flowering matured (DBH > 30 cm) shea trees were selected from each plot using a simple random sampling procedure, thus, a total of nine (9) trees per site. Matured trees were used to avoid potential bias associated with inconsistent fruiting (fruit size and quantity) of juvenile (10-15 years) shea trees (Sanou et al. 2004) .
Research design
Experimental treatments were arranged in a randomized complete block design with selected branches representing blocks. Three branches (blocks) were randomly selected from each tree and experimental treatments applied to one inflorescence in a block. The experimental treatments were as follows:
Open pollination treatment (control)-tagged inflorescences that were un-manipulated and left exposed to pollination by natural agents in the environment throughout the flowering phase (Fig. 2) . Insect exclusion treatment-inflorescences bagged with tulle netting (1.2 mm diameter mesh) to restrict insect pollinators from accessing the flowers throughout the flowering season but allowing wind pollination as described in Jacobs et al. (2009) . Inflorescences were bagged as soon as flower buds were observed (Fig. 3) . The bags were however removed immediately after the end of the flowering phase to enable continued plant growth. All experimental trees and inflorescences were given unique labels to enable continuous data collection on data variables.
Data collection
The number of flowers/flower buds in each experimental inflorescence was counted at the onset of flowering. Also, the number of fruit set per inflorescence was recorded weekly from the onset of fruiting to fruit maturity (first ripe fruit fall from a tree). Matured fruits were harvested by hand plucking and fruit weight per inflorescence was recorded with an electronic scale. Fruits were then depulped and fresh nut weight per inflorescence was recorded. The fresh nuts were sun dried for 5 weeks before dry nut weight per inflorescence was taken. Nut shells were cracked open to remove kernels, after which kernel weight per inflorescence was recorded. The purchasing price per bag of shea kernel in August 2016 was sought from five shea marketing companies as well as the Zini community market. These prices were used in calculating the average price per bag of shea kernel as a proxy for the monetary value of shea kernel as of August 2016. The purchasing prices of August were used because most women sell out their shea kernels around this period. The five shea marketing companies contacted were Star Shea Company Limited, Savannah Fruit Company Limited, Mother's Shea Company Limited, OLAM Company Limited, and Kasajan Company Limited.
Data analysis
A simple t test was used in comparing average fruit/kernel yield per inflorescence between open-pollinated and insect-excluded inflorescences with a p value threshold set at 0.05. Genstat software version 17 and Microsoft Excel were used for data analysis.
Insect pollinator dependence (IPD) was calculated following the approach of Klein et al. (2007) by estimating the magnitude of fruit set or kernel yield (weight) difference comparing experimental treatments with and without insect pollinators. Based on this approach, insect pollinator contribution was calculated as the fruit set/ kernel yield attributable to insect pollinator interaction with flowers expressed in percentage. Insect pollinator dependence (IPD) was estimated separately for fruit set and kernel yield with the following formulae:
where FSOP is the total number of matured fruits produced from the open pollination treatment in a site, FSIE is the total number of matured fruits produced from the insect exclusion treatment in a site, KWOP is the total dry weight of kernels produced from open pollination treatment in a site, and KWIE is the total dry weight of kernels produced from insect exclusion treatment in a site.
The proportion of total production value attributable to insect pollinators approach was used to estimate monetary value of insect pollination because hand/ mechanized and managed pollination services were not practiced in the area. Therefore, monetary value of insect pollination was estimated per bag of shea kernel (85 kg) as the monetary value of kernel yield (kg) attributable to insect pollination.
where QAI is the quantity (kg) of kernel attributable to insect pollination, MVI is the monetary value of insect pollination (GH₵), and UP is the unit price of 1 kg of shea kernel.
Results and discussion
Insect pollinator dependence of V. paradoxa
The insect pollinator dependence (IPD) of shea was estimated at 77% for fruit set and 73% for dry kernel yield (weight). Thus, the exclusion of insect pollinators from accessing shea flowers resulted in a 77% decrease in the number of fruit set and 73% decrease in dry kernel yield (weight) (Tables 1 and 2). IPD also varied slightly between the two sites, with site 1 recording less fruit set and kernel yield dependence on insect pollination. The percentage pollinator dependence recorded in this study suggests that V. paradoxa is a high pollinatordependent species based on Klein et al. (2007) categorization. About 18.7% of crops grown in developing countries fall within this category of high animal pollinator dependence (Alizen et al. 2009 ). Variation in insect pollinator dependence between experimental sites is not unique to this study. Carr & Davidar (2015) also reported variations in pollinator dependencies between different study sites. This could be attributed to differences in microclimatic conditions between two sites especially soil conditions. Moreover, variation in genotypic characteristics between trees could have equally contributed to these differences between sites since trees in a particular site are most likely to share similar traits. Breeze et al. (2016) indicated that pollinator dependency could vary between crop varieties of the same species (Breeze et al. 2016) . Similar influence of crop variety on insect pollinator dependence occurred in oil seed rape comparing the findings of Stanley et al. (2013) and Bartomeus et al. (2014) . The influence of these extraneous variables on plant yield could limit the generalization of estimated insect pollinator dependency of a plant. This would therefore require an extensive study across a larger shea-growing area to provide wholistic estimates of insect pollinator dependency of shea. There is currently a paucity of information on insect pollinator dependence of shea. This stresses the recommendations of Cook et al. (2007) and Klein et al. (2007) for an intensive review of insect pollinator dependence of commercially important crops of the world.
The assertion that insect pollinator-dependent plants represent a relatively small volume of world staple food consumption seems to be one of the reasons for this information paucity. However, Richards (2001) and Ghazoul (2005) argued that high pollinator-dependent species provide disproportionately large economic returns to the local and international market. For instance, although shea does not contribute directly to global staple food consumption, it contributes to the livelihoods of an estimated 16.2 million people in shea-growing areas of Sub-Saharan Africa. This assertion tends to agree with Alizen et al. (2009) that valuing an insect-pollinated plant solely on the bases of its contribution to global staple food consumption could obscure local relevance and tend to be deceptive. Some insect pollinator-dependent species are valued five times higher than non-pollinator-dependent species (Gallai et al. 2009 ).
Influence of insect pollination on fruit production and kernel yield
The mean number of matured fruits produced per inflorescence was significantly higher in open-pollinated inflorescences as compared with insect-excluded inflorescences (p < 0.05) in both sites (Fig. 4) . Mean number of matured fruit set per inflorescence also varied significantly between experimental sites in open-pollinated inflorescences (p < 0.05) with site 1 producing a mean of 2 fruits per inflorescence, whilst site 2 recorded 0.85 per inflorescence. However, the number of fruit set per inflorescence did not vary significantly between sites in the insect exclusion treatment (p > 0.05).
The significant difference in matured fruit set per inflorescence between open-pollinated and insect-excluded flowers agrees with Kwapong (2014) who reported that V. paradoxa relies primarily on insects especially bees for pollination services. The yield of V. paradoxa can therefore be influenced significantly by the availability of insect pollinators (Okullo 2004) . In the study of Lassen et al. (2018) , the exclusion of larger bees (honeybee) from accessing shea flowers resulted in 35% reduced fruit yield which indicates high dependence on honeybees for pollination.
The internal colors of the inflorescence bract and the odoriferous yellow flowers of V. paradoxa were all noted as major qualities of insect pollinated plants (Okullo 2004) . Moreover, V. paradoxa pollen is known to be copious and sticky in nature (Yidana 1994; Hall et al. 1996) and therefore adheres to insect visitors of shea flowers. The fruit set recorded in the insect-excluded inflorescences could be attributed to wind pollination (self-and cross-pollination). Shea produces hermaphrodite flowers (Okullo 2004) which could have facilitated self-pollination Owing to the high insect pollinator dependence of V. paradoxa, the occurrence of self-pollination could be an adaptation response of shea to the limited pollination services in shea parklands. This can be supported by the findings of Yidana (2004) who reported pollen limitation in V. paradoxa. However, fruit production in insectexcluded treatment is not limited to shea; flowers of oil seed rape still produced some few seeds when insects were excluded from pollination (Bommarco et al. 2012; Stanley et al. 2013 ). The significantly low fruit set recorded under insect exclusion agrees with Free (1993) who reported that the contribution of wind pollination is insignificant in deciduous fruit crops that require insect vectors for pollination.
The mean weight of dry kernels produced per inflorescence showed a significant difference between treatments (p < 0.05). Open-pollinated inflorescences produced kernels with a significantly higher weight as compared with the insect-excluded inflorescences in both experimental sites (Fig. 5 ). This significant difference in mean weight agrees with Lassen et al. (2018) and Stout et al. (2018) who recorded heavier nuts under open pollination as compared with bagged inflorescences. This could be due to the ability of pollination to mediate the production of growth hormones in plants (Klatt et al. 2013) . For instance, in strawberry, fertilized achenes mediated the production of auxine which intend to induce the accumulation of gibberellic acid (Csukasi et al. 2011) .
These hormones facilitate fruit growth by enhancing cell progeny and size which results in an increased fruit/ seed weight (Roussos et al. 2009 ). Some of the fruits produced from open pollination had two solitary seeds. The presence of two seeds in some fruits could have also contributed to the significantly higher weight under open pollination.
The positive effect of pollination on yield (weight) is not limited to shea; this phenomenon was reported in other plants. For instance, insect pollinated strawberry fruits were found to be 11% heavier than wind-pollinated fruits and 30% heavier than self-pollinated fruits (Klatt et al. 2013) . Stanley et al. (2013) reported oil seed rape produced from open pollination as having significantly higher seed weight per pod compared with insect-excluded pods. Similarly, coffee and blueberry recorded an increased fruit set and size under insect pollination services as compared with insect exclusion (Klein et al. 2003; Isaacs and Kirk 2010; Klatt et al. 2013) .
Monetary value of insect pollination per bag of shea kernel
The purchasing price per bag of dry shea kernel varied from one company to another (Table 3 ). The price of a bag of shea kernel ranged from GH₵ 90.00 (US$ 22.95) to GH₵ 105.00 (US$ 26.78) with an average price of GH₵ 100.00 (US$ 25.51). This was used as a proxy for the total monetary value of a bag of kernel as of August 2016.
The study estimated the quantity of shea kernel yield attributable to insect pollination at 62.05 kg per bag (85 kg) with a unit price of a kilogram at GH₵ 1.18. Therefore, the monetary value of shea kernel weight (62.05 kg) attributable to insect pollination was GH₵ 73.21 (US$ 18.67) which was used as a proxy for the monetary value of insect pollination (Table 4) . The monetary value of insect pollination in site 2 was higher than that of site 1 because of the variation in insect pollinator dependence. This finding confirms the assertion of Zebrowska (1998) that an increase in yield does not only reflect productivity but translates into substantial amount of income for crop farmers. Estimates of economic value of pollination can vary from one region to another in response to produce prices, production cost, labor, and other factors of production (Breeze et al. 2016) .
Although Allsopp et al. (2008) suggests a more accurate estimation of economic value of pollination, services should consider the cost of replacement of wild pollinators with managed ones or cost of replacement with mechanical pollination services. There currently exist neither managed bee keeping nor mechanized pollination in shea parklands. Therefore, all estimates were based on the economic value of the quantity of the response variable (kernel yield) attributed to insect pollination.
Unfortunately, quantity of kernel yield might not represent monetary value completely because economic value also depends on the quality of yield (Ferguson & Watkins 1992) . For instance, the contribution of insect pollination to shelf life alone added US$ 0.32 billion to the commercial value of strawberry. Yield quality was however not considered in this study, but studies on other insectpollinated plants showed a positive effect of pollination on quality of fruit/seed yield. For instance, Bartomeus et al. (2014) reported higher oil content with less chlorophyll in oil seed rape exposed to open pollination as compared with seeds that were produced from insect-excluded flowers. Strawberry that was adequately pollinated by honeybees produced heavier and firmer fruits with less sugaracid ratio and longer commercial shelf life as compared with wind-pollinated plants (Klatt et al. 2013) . Therefore, subsequent studies on monetary value of insect pollination in shea should consider butter quality owing to the influence of pollination on yield quality in other plants.
Conclusion
Insect pollination significantly influenced fruit set, accounting for 73% of fruit set in shea. This high insect pollinator contribution to shea yield translates into higher monetary value for shea nut collectors. Therefore, a decline in insect pollinators will not only affect the yield of V. paradoxa but will also translate into reduced income for the rural population who depends on shea for livelihood. Subsequent estimates of the monetary value of pollination should consider the influence of pollination on the quality of fruit and shea kernel as well as shea butter properties. 
